Abstract A full-span free-wake method is coupled with an unsteady panel method to accurately predict the unsteady aerodynamics of helicopter rotor blades in hover and forward flight. The unsteady potential-based panel method is used to consider aerodynamics of finite thickness multi-bladed rotors, and the full-span free-wake method is applied to simulating dynamics of rotor wake. These methods are tightly coupled through trailing-edge Kutta condition and by converting doublet-wake panels to full-span vortex filaments. A velocity-field integration technique is also adopted to overcome singularity problem during the interaction between the rotor wake and blades. Helicopter rotors including Caradonna-Tung, UH-60A, and AH-1G rotors, are simulated in hover and forward flight to validate the accuracy of this approach. The predicted aerodynamic loads of rotor blades agree well with available measured data and computational fluid dynamics (CFD) results, and the unsteady dynamics of rotor wake is also well simulated. Compared to CFD, the present method obtains accurate results more efficiently and is suitable to rotorcraft aeroelastic analysis.
Introduction
The flow field around a rotorcraft is extremely complex because it is dominated by vortices shedding from rotor blades. In hover and low-speed forward flight, the rotor wake remains in the vicinity of the operating rotor blades. The close interaction of the rotor wake with rotor blades has a strong effect on rotor blade airloads and rotor wake dynamics. Due to the complexity of rotor wake, determining pressure and load distribution is of critical importance to accurately predict rotorcraft performance, stability, loads, and aeroacoustic.
Base on Navier-Stokes equations for primitive variables, computational fluid dynamics (CFD) has been used to simulate the rotor wake [1] [2] [3] [4] and has great potential to provide insights into complex aerodynamic processes. This approach can adequately predict unsteady aerodynamic loads of blades, and has been used in comprehensive rotorcraft analysis in recent years. 5, 6 However, CFD methods are susceptible to excessive numerical dissipation of vorticity and are rather computationally expensive.
The free-wake method, which represents the rotor wake with vortex filaments, is a powerful approach to simulating complex rotor wake. [7] [8] [9] [10] In general, aerodynamics of rotor blade in the free-wake method is represented by lifting-line or lifting-surface method; however, these methods cannot consider the effect of airfoils which has significant influence on aerodynamics.
For their simple and accurate computations, unsteady panel methods [11] [12] [13] [14] have been widely used as an alternative to CFD, lifting-line, and lifting-surface methods to predict aerodynamic loads in rotorcraft applications. However, simulating distorted wake behavior for a panel is difficult because a singularity problem arises when wake panels are close to one another. Therefore, the panel method is usually coupled with other wake dynamic methods. A panel method was coupled with a free-wake method by replacing doublet-wake panels with vortex-ring wake filaments, 15 however, variation of doublet strength distribution was prescribed over blade camber line, and it was difficult to account for the effect of airfoils. The doublet panels were then distributed on blade surface in unsteady time-marching free-wake method to predict blade vortex interaction (BVI) noise. 16 Moreover, based on a novel boundary integral formulation, a direct panel method was coupled with a free-wake method to analyze the BVI. 17 Although the free-wake method coupled with a panel method can predict blade airloads and rotor wake dynamics, an accurate and efficient prediction has yet to be fully achieved. Moreover, there is a numerical singularity problem when the rotor wake approaches blades in forward flight. Therefore, a full-span free-wake method is coupled with an unsteady panel method to accurately predict the unsteady aerodynamics of rotor blades in this study. The method is achieved through trailing-edge Kutta condition and by converting doublet-wake panels to full-span vortex filaments. The doublet panels are distributed on the blade and shed wake surface. The shed wake is connected to the blade panels through trialing-edge Kutta condition. The rotor wake is described by full-span vortex filaments shedding from the shed wake. A second-order time-stepping scheme is applied to predict wake convection. A viscous vortex core model is adopted to avoid numerical singularity problem in velocity calculation, and a velocity-field integration technique is also used to reduce numerical instability of wake and panels when the rotor wake approaches rotor blades in forward flight.
Numerical results are compared with experimental data and CFD results for helicopter rotors, such as Caradonna-Tung, UH-60A, and AH-1G rotors, in hover and forward flight to validate the accuracy of the present method.
Computational method

Unsteady panel method
The fluid surrounding rotorcraft is assumed to be inviscid, irrotational, and incompressible. 12, 14 Therefore, a velocity potential / can be defined and the continuity equation in terms of / in the inertial frame of reference becomes
Eq. (1) does not include time derivatives, and the time dependency is introduced through boundary conditions. The boundary condition for body surface, which requires the velocity component normal to the body surface S B be zero, can be expressed as
where v B is the velocity of a point on body surface S B and n denotes the outward unit normal vector at this point. In general, v B includes all the contributions of blade's rigid motion, blade's structural deformation, and fuselage's motion in maneuvering flight for rotorcraft. An infinity boundary condition requires that the flow disturbance should diminish far away from the body owing to the body's motion through the fluid.
where r is the position vector (x, y, z). This condition is automatically fulfilled through Green's function. Following Green's identity, we can construct a general solution to Eq. (1) by summing up the source r and doublet l distributions placed on the body surface S B and wake surface S w . /ðx; y; z; tÞ ¼ 1 4p
Boundary condition
According to the Neumann boundary condition, the velocity potential jump on S B is Àr, and the source strength is
The potential inside the body (without internal singularities) will not change for an enclosed boundary (e.g., S B ); therefore, the internal potential is set to / int = 0. By dividing the blade surface into N panels and wake surface into N w panels, integration on the surfaces in Eq. (4) can be equivalently written as the superposition of integrations on panels that constitute those surfaces. A constant-strength rectilinear panel is adopted in current study. Thus, the boundary condition for body surface can be rewritten as
where
To define this problem uniquely, the wake doublets should be known or related to the unknown doublets on S B . The wake doublets can be expressed in terms of the unknown surface doublet through the Kutta condition. Defining upper and lower trailing edge (TE) doublets l u and l l , respectively, the TE wake doublet l tw is given as
Eq. (6) can then be expressed as
where A k includes contributions of the body surface as well as wake surface, and A k , B k , and C l can be solved by the analytic formulations of Hess and Smith 18 for a constant strength of potential distribution on each panel. If the kth panel is not at the TE, then A k = C k ; if it is, then A k = C k ± C tw .
Panel pressure and force
Once the flowfield is determined, the pressure on the body surfaces can be computed by using the velocity potential and flow velocity through the unsteady Bernoulli equation:
where v, p, and p ref are the local fluid velocity, local pressure, far-field reference pressure, respectively. The non-dimensionalized form of the pressure is given as The aerodynamic force on the panels can be computed as
where DF k is the aerodynamic load on the panel, DS k the panel area, and n k the normal vector.
Time-step free-wake method
The solution of the blade-doublet distribution is related to rotor wake, which is simulated by the free-wake method [8] [9] [10] in the present study.
The free-wake method is based on the assumption of an incompressible flow, with all of the vorticity in the rotor wake discretizated into straight-line vortex filaments. A description of the vorticity field in the rotor wake is governed by the three-dimensional, incompressible, viscous flow Navier-Stokes equations, which can be expressed with velocity-vorticity (u,x) as
where m is kinematic viscosity. The first term on right hand side is strain term, and the second term is diffusion term. In many practical problems, it can be justified that the viscous term has little effect on rotor flow field, and the vortex filaments will then move freely as material lines with constant circulation. In this case, Eq. (13) can be a simpler convection form
where r 0 is the initial position vector, and V is the local velocity field. Vector r is a function of the age of the vortex filament f and blade azimuth w where filament was trailed into rotor wake. Therefore, Eq. (14) can be written as the partial differential equation.
@rðw; fÞ @w þ @rðw; fÞ @f
where X is the rotor speed. The right hand side of Eq. (15) is the total convected velocity of the filament, which includes all the contributions of freestream, blades' sources and doublets, shed-wake panels, and full-span vortex filaments.
where V 1 is freestream velocity, V body panel , V shedwake panel , V fullspan wake are velocity induced by blade panels, shed-wake panels, and full-span wake filaments, respectively. The induced velocity of vortex filaments is calculated through the Biot-Savart law. Vatistas (15) is solved through finite differences to approximate the space and time derivatives. The displacements of the filaments are then found in a time-stepping manner through numerical integration of the governing equations. The second-order-accurate predictor-corrector scheme (PC2B scheme) 8, 10 is employed in the present approach.
Blade motion
The rotor wake and blade airloads are closely related to bladeflapping response. Therefore, the individual blade-flapping dynamics is solved simultaneously with the rotor wake dynamics. The flap equation is given by the equilibrium of moments about the flapping hinge, which include all the contributions of blade aerodynamics, fuselage's motion, and blade's rigid motion. The blade-flapping behavior can be expressed as a set of ordinary differential equations, and the blade-flapping response is determined through the fourth-order Runge-Kutta scheme in current work. 10 
Coupled method
In general, the shed wake and trailing wake can be represented by wake panels. However, the wake panels can be replaced with a vortex wake to overcome the singularity problem when wake panels are close to one another. [15] [16] [17] Therefore, the doublet-wake surface is replaced by full-span vortex filaments to describe complex wake behavior, which provides a connection between the unsteady panel method and the free-wake method. The blade panels, shed wake panels, and full-span vortex filaments are shown in Fig. 1 . Rotor blades are represented by panels, the shed wake is described by doublet-shed wake panels, and the rotor wake is indicated by the full-span vortex filaments which connect to the shed wake.
The doublet-wake panels can be replaced by vortex filaments, and the equivalence of doublet panel surface and vortex filament can be expressed as
where C denotes the curve bounding of the wake panel, and C = l is the circulation strength of the vortex filament along C. The order of vortex filament is one less than that of the doublet panel, and the vortex filament is then less singular behavior than the doublet panel.
The strength of full-span vortex filaments is derived from the shed wake at each time step base on Eq. (18), which is shown in Fig. 2 The strength of the full-span vortex filaments is determined by blade panels, and the strength of doublet on blade panel is affected by the full-span vortex filaments at each time step, therefore, the full-span free-wake method is tightly coupled with the unsteady panel method.
Singularity problem
It is necessary to determine wake geometry before solving Eq. (9), and singularity problem in the numerical integration in Eq. (9) will occur when the rotor wake approaches blades on the advancing and retreating sides in forward flight (see Fig. 3) .
A velocity-field integration technique 17, 22 is employed to overcome the singularity problem in the present study. The singularity problem is similar to that of velocity calculation; therefore, this problem can be avoided through that the wake potential is obtained indirectly by integrating the velocity field.
Velocity induced by wake vortex filaments can be expressed in Eq. (18), and the singularity can be overcome through Vatistas vortex model. The wake potential can be determined by integrating the velocity along an arbitrary integral path.
where t p is the tangential vector of the integral path; the upper and down index 1, 2 are the initial point and ending point of integration, and G is Vatistas vortex model. This approach Fig. 1 Rotor wake system. prevents the numerical singularity problem which is very favorable to accurately predict pressure distribution when a BVI occurs in forward flight.
Numerical results and discussion
The blade pressure distribution and unsteady blade loads of the Caradonna-Tung, UH-60A, and AH-1G rotors are predicted and compared with available experimental data and CFD results to validate the proposed method.
Caradonna-Tung rotor in hover
Caradonna and Tung's 23 two-bladed rotor experiment is analyzed for a hovering rotor. This rotor has two untwisted, untapered, rectangular blades with NACA0012 airfoil. The rotor radius is 1.143 m and the aspect ratio is 6. This case involved a rotor with a collective pitch angle of 8°, rotating at 1250, 1500, or 1750 rpm, corresponding to a tip Mach number of 0.439, 0.526, and 0.612, respectively.
The computational model was composed of 60 panels in the chordwise direction and 20 panels in the spanwise direction on each blade. The results for the current case were obtained with an azimuthal step of 10°and about 11 h with one CPU for 31 revolutions.
Figs. 4-6 show the pressure coefficient C p at two blade-span sections (r/R = 0.68, 0.96, where r is radial distance, R is blade radius) with different tip Mach numbers. The experimental data, 23 CFD results, 24 and Hybrid CFD results 25 are shown for comparison. The CFD method 24 used multi-bock structured mesh to account for blade's rigid motion through sliding-plane approach, and employed mesh-deformation technique to account for blade deflections through trans-finite interpolation (TFI) method. The Hybrid CFD method 25 included a compressible Navier-Stokes solver, a compressible potential flow solver, and a free wake model to accurately and efficiently predict unsteady blade pressure. The present numerical results are in fairly good agreement with the experimental results and the two different CFD results for all regions. However, the suction peak at the leading edge near the blade tip region is underestimated by the present and hybrid CFD results. Compared with CFD and hybrid CFD, the present method predicts aerodynamics of rotor blades in hover more efficiently.
UH-60A rotor in hover
The present method is also applied to the typical four-bladed UH-60A rotor. 26 This rotor has four complex blades with an aspect ratio of 15.3 and a maximum nonlinear twist of À13°. The blade has a rearward sweep of 20°starting from a rotor radius of 93% and is made up of two airfoils section, SC1095 as the main airfoil in inside and outside, and SC1095R8 section in the mid-span. The rotor is operated at a tip Mach number of 0.628 and with a collective pitch angle of 9°. The computational model is composed of 60 panels in the chordwise direction and 20 panels in the spanwise direction. An azimuthal step is 10°. The rotor wake geometry is shown in Fig. 1 . Wake contraction near the rotor plane and vortex bundle far below the plane is well captured. A comparison of the predicted pressure distribution at three radial stations (r/R = 0.675, 0.865, 0.990) with the corresponding experiment data and the hybrid CFD results 25 is shown in Fig. 7 . The predicted results agree well with the experimental data and the hybrid CFD results. At the station r/R = 0.990, the suction peak is underestimated by the present and hybrid CFD results. The pressure at trailing edge is overestimated by the present result, and one of the reasons is that the roll-up of shed wake described by doublet-wake panels is neglected in the present method, and this behavior will affect panels near trailing edge in tip region.
AH-1G rotor in forward flight
The AH-1G model 27, 28 in forward flight is also simulated. This rotor has two untapered, rectangular blades with OLS/TAAT airfoil. The rotor radius is 6.7 m and the aspect ratio is 9.2. The linear twist is À10°. The rotor is operated at a tip Mach number of 0.68 and an advance ratio of 0.19. The computational blade model was composed of 60 panels in the chordwise direction and 20 panels in the spanwise direction. The results were obtained with an azimuthal step of 5°and about 24 h with one CPU for 10 revolutions.
The wake structure is shown in Fig. 8 . The roll-up wake on the advancing and retreating side is captured well and wake convection is also observed. The wake in the forward part of the rotor is raised up towards the rotor disc, and the blade tip vortex approaches to the other blades, resulting in an interaction between the wake and blades. The singularity problem on the advancing side and retreating side is overcome.
Figs. 9 and 10 show the pressure coefficients at specific span positions (r/R = 0.60, 0.91) at azimuth angles of 30°, 90°, 180°, 270°, 285°, and 300°. The CFD results 29 are also shown for comparison. The predicted results agree well with measured data and CFD results at different azimuths. The suction peaks on the advancing side and retreating side are captured fairly well with the CFD results; however, the suction peaks at azimuths of 270°are overestimated by both methods. Fig. 11 shows the variation of the sectional thrust coefficient at the three blade radial stations over one revolution. The results are compared with measured data, 27,28 CFD, 29, 30 and conventional free-wake results. 31 The predicted unsteady thrust coefficients agreement well with the flight test data and CFD results in different spans, and are more accurate than conventional free-wake results. The variations of the thrust coefficient correlate well with the measured data and CFD results near the azimuths of 90°and 270°. The influence of the interaction between the wake and blades on sectional thrust distributions is observed on the advancing side at azimuths of around 60°-100°and on the retreating side at around 280°. Because the blade elastic deformation has impact on blade geometry, there is a discrepancy among the present, both CFD results, and the measured data from azimuthal angles of 180°-280°.
The section oscillatory pitching moment coefficient (the mean value have been removed from the measured data and calculations) is shown in Fig. 12 . The predicted results are compared with the measured data and CFD results. 29 The overall variation of oscillatory pitching moment agrees well with the measured data and CFD results; however, there are still discrepancies. One of the reasons is that there is discrepancy of pressure at leading edge and trailing edge, and the pressure distribution in chordwise direction has significant impact on section pitching moment. Another reason is the influence of aeroelasticity which is neglected in present simulation.
The present method can accurately predict unsteady aerodynamic loads of rotor blades. Compared with CFD, this method is more efficient and suitable to rotorcraft aeroelastic analysis.
Conclusions
(1) The blade pressure distribution predicted by the present unsteady panel/full-span free-wake coupled method is in a good agreement with measured data and CFD results in hover and forward flight for this article. The unsteady aerodynamic loads of blade agree fairly well with measured data and CFD results, and are more accurate than conventional free-wake results. (2) Wake contraction, convection, and roll-up behavior are captured well in hover and forward flight. The singularity problem of the interaction between the wake and blades is overcome. (3) The present method predicts unsteady aerodynamics of rotor blade more efficiently than CFD, and is suitable to rotorcraft aeroelastic analysis. Fig. 12 Oscillatory pitching moment history (AH-1G).
